Background: Reduced rank regression (RRR) is an approach to identify dietary patterns associated with biochemical markers and risk of type 2 diabetes (T2D).
Introduction
More than 415 million people worldwide have type 2 diabetes (T2D) 10 and Hispanics (4) than in whites. Excess body weight, genetic predisposition, and metabolic factors, as reflected in different T2D biomarker profiles across ethnic groups (5), along with modifiable lifestyle factors such as diet and exercise, may contribute to ethnic/racial differences in T2D.
Dietary patterns may capture the synergistic effects of multiple influential aspects of diet. Two approaches to characterizing overall diet are commonly distinguished: a priori indexes and a posteriori patterns. A priori indexes evaluate dietary quality and are constructed from adherence to dietary recommendations made on the basis of existing scientific evidence relating diet to chronic diseases. A posteriori-derived dietary patterns are identified through exploratory data-driven approaches, such as factor analysis, which is used to identify common underlying patterns of food consumption (6) . Dietary patterns have been associated with T2D; in the Hawaii component of the Multiethnic Cohort (MEC), the associations between the a priori indexes Healthy Eating Index (HEI)-2010 and the alternative HEI (AHEI)-2010 and the alternate Mediterranean diet (aMED) and Dietary Approaches to Stop Hypertension (DASH) scores and T2D risk were strongest in whites compared with Native Hawaiians and Japanese Americans (7) , whereas factor analysis-derived dietary patterns were not significantly associated with T2D in Native Hawaiians and showed inconsistent associations in whites and Japanese Americans (8) . These inconsistent findings may be due to the a priori methods not taking into account ethnicity-specific consumption patterns-for example, the concentration on one starch, such as riceand a posteriori methods not being optimally suited to identify dietary patterns predictive of disease risk. A method that combines a priori and a posteriori approaches is reduced rank regression (RRR) (9) . In contrast to a priori and a posteriori methods, RRR-derived dietary patterns use a data-driven approach, identify factors that explain covariation in food consumption, are associated with intermediate disease markers, and incorporate ethnicity-specific differences in diet and biomarkers, and thus are likely to include foods that are related to disease risk. Previous studies identified dietary patterns predictive of T2D by using different intermediate markers as response variables, including inflammatory markers (10) (11) (12) (13) , HOMA-IR (14, 15) , glycated hemoglobin (HbA1c) (10, 15) , fasting glucose (15) , adiponectin (10, 16) , HDL cholesterol (10, 16) , and TGs (16) .
Because previous studies (10-16) did not investigate RRRderived dietary patterns and T2D risk in different ethnic groups in the United States, the first aim was to compare dietary patterns associated with T2D-related biomarkers (17, 18) [adiponectin, leptin, TGs, and C-reactive protein (CRP)] derived in the combined study population and each ethnic/racial group. The second aim was to evaluate the associations of these dietary patterns with T2D risk in African-American, Japanese-American, Latino, Native Hawaiian, and white MEC participants.
Methods

Study population
The MEC is a prospective cohort study primarily established to study lifestyle and genetic factors and cancer among different ethnic/racial groups in Hawaii and California (19) . The cohort includes 215,831 men and women, aged 45-75 y at recruitment (1993) (1994) (1995) (1996) , living in Hawaii and in Los Angeles, California, with the following ethnic/racial distribution: African American (16.3%), Japanese American (26.4%), Latino (22.0%), Native Hawaiian (6.5%), white (22.9%), and other ancestry (5.8%) (19) . From 1993 to 1996, participants enrolled in the cohort by completing a selfadministered mail questionnaire on diet, demographic characteristics, medical conditions, lifestyle factors, and anthropometric measures (19) . Biological specimens (mainly blood and urine samples) were collected from a subset of the cohort (n = 68,740) primarily during [2001] [2002] [2003] [2004] [2005] [2006] . Of these 68,740 participants, a panel of biochemical markers was assessed in a biomarker subcohort of 12,578 predominantly fasting individuals, who were selected from controls in case-control studies within the MEC.
Dietary assessment
Dietary data were collected at baseline by a validated and calibrated self-administered quantitative FFQ (QFFQ) with .180 food items (20) specifically designed for use in this multiethnic population (19) . Food mixtures were disaggregated into their components, and each ingredient was assigned to the relevant food item. Individual food items and foods from mixed dishes were classified into 41 food groups on the basis of nutrient profiles and culinary uses.
Ascertainment of T2D
On the basis of the information from 3 questionnaires [1993-1996 (baseline), 1999-2002, and 2003-2007 ] and 3 sources of administrative data [i.e., Medicare claims (21), California hospital discharge diagnoses (22) , and a Hawaii health plan linkage (2)], we developed a strict definition of T2D. Only participants with $1 self-reported T2D diagnosis on one of the questionnaires and confirmation by $1 administrative data source were considered incident cases. The first report of a T2D diagnosis was considered as the year of discovery because exact dates of diagnosis were unavailable.
Laboratory procedures
Adiponectin and leptin from plasma were measured by using ELISA kits (catalog no. DRP300; R&D Systems). Insulin from serum was measured by using an ELISA kit (catalog no. EZHI-14K; EMD Millipore). All ELISA protocols were followed in accordance with the manufacturers' instructions. A Cobas Mira Plus chemistry autoanalyzer (Roche Diagnostics) was used to measure serum glucose (kit from Randox), CRP, and TGs (kits from Pointe Scientific, Inc.) per the manufacturers' instructions. HOMA-IR was calculated as follows: [fasted insulin (microunits/liter) 3 fasted glucose (milligrams/deciliter)]/405 (23) .
For the current analysis, the 4 biomarkers-TGs, leptin, CRP, and adiponectin-were chosen as the intermediate markers of T2D serving as response variables for RRR for the following reasons: they are affected by diet (24) (25) (26) (27) , they showed a crosssectional association with HOMA-IR as a marker of a prediabetic stage in nondiabetics from all ethnic groups in the current analysis (r across ethnic groups: 20.28 to 20.47 for adiponectin, 0.34-0.47 for leptin, 0.14-0.25 for CRP, and 0.25-0.40 for TGs), and previous studies indicate that the 4 biomarkers are related to the pathophysiology of T2D (17, 18) . Because all biomarkers should refer to the same stage of the pathway from exposure to disease, our aim was to focus on upstream markers linking diet to T2D risk. HOMA-IR and HbA1c may refer to a later stage of the pathogenesis of diabetes than TGs, leptin, CRP, and adiponectin and were therefore not included as response variables in the current analysis. The use of HDL cholesterol instead of leptin as response in the RRR method yielded results similar to the current ones.
Statistical analysis
RRR. Of the 12,578 participants in the biomarker subcohort, we excluded T2D cases with diagnosis before or at blood draw, ethnicities/races other than the 5 major groups, incomplete main confounder information, and incomplete or implausible (HDL cholesterol . total cholesterol) biomarker information, resulting in a final study population of 10,008 biomarker subcohort members, which we used for identification of dietary patterns by RRR. Characteristics between the biomarker subcohort and the full MEC cohort were similar overall, except that proportionally fewer whites, slightly fewer Japanese Americans, and more African Americans, Native Hawaiians, and Latinos are present in the biomarker subcohort (data not shown).
RRR is a type of multivariate regression that aims to reduce the dimensionality of complex data. RRR was applied by using the partial least-squares procedure in SAS to identify linear functions of predictors (i.e., food group intake in grams) that explain as much variation in the response variables (here, T2D-related biomarkers) as possible (9) . A more detailed description of the method has been previously published (9, 28) . All statistical analyses were performed by using SAS release 9.4 (SAS Institute).
RRR of dietary data was applied to biomarker subcohort members combining ethnic groups (n = 10,008). Ethnicity-specific derivation of RRR patterns was conducted in a separate analysis given ethnic/racial differences in previously reported dietary pattern and dietary index analyses in the MEC (7, 8) . Sex-specific RRR results were of similar magnitude; therefore, men and women were combined.
RRR does not allow for direct adjustment for potential confounders. Therefore, values for the predictors and response variables were adjusted before entry into the RRR model by using the residual method (29) . The median of the variable of interest was added to the residuals of a linear regression of that variable on the potential confounders in order to maintain the proper range. Food groups were adjusted for energy intake and race/ethnicity, all biomarkers for race/ethnicity, and CRP additionally for season of blood draw to account for seasonal fluctuations.
Association of dietary patterns with biomarkers. The longitudinal associations between the dietary pattern score and T2D-related biomarkers were examined in a regression model with the score as exposure and biomarkers as outcome and the calculation of geometric means of biomarker concentration across dietary pattern tertiles, adjusted for confounder, which were selected a priori, namely BMI (continuous), total energy intake (continuous, kilojoules per day), sex, age (continuous), education (#12 y, 13-15 y, or $16 y), race/ethnicity (white, African American, Japanese American, Latino, or Native Hawaiian; only in combined analysis), physical activity (,30 or or $30 min/d), and smoking status (never smoker, past smoker, or current smoker). For missing values of smoking status and physical activity, a missing category was created for each variable (;1% missing data). The significance of linear trends across dietary pattern tertiles was tested by assigning each participant the median value for his or her tertile and modeling this value as a continuous variable.
Association of dietary patterns with T2D. For the application of the RRR-derived dietary patterns in the entire MEC (n = 215,831), we first excluded the biomarker subcohort participants (n = 12,578) to obtain independent samples for the identification of dietary pattern and to assess the association of the pattern with T2D risk. Second, we excluded (with some overlap) prevalent diabetes cases at cohort entry (n = 28,153), ethnic groups other than the major ethnic groups (n = 13,994), and those with missing information on essential covariates (n = 11,940), resulting in a final number of 155,316 participants representing an independent sample without biomarker measurements.
To make the results more generalizable and easier to interpret, and to reduce the possibility of overfitting, we simplified the dietary pattern score by calculating the unweighted sum of the z-standardized intakes of food groups with factor loadings $0.2 of the absolute value (9) . We subsequently applied the simplified scores in the full cohort and estimated HRs for risk of T2D by using Cox proportional hazards regression for the continuous dietary pattern scores and across dietary pattern tertiles. Observation started at the time of cohort entry and ended at the T2D time of discovery, death, or closure date for follow-up (31 December 2010). The model was adjusted for age as a strata variable and for the same confounders as used in the biomarker analysis in the log-linear component of the model.
In sensitivity analyses, we first excluded all participants who provided blood (n = 68,740). We then investigated the impact of excluding participants with lipid-lowering and anti-inflammatory medication use on the results of the RRR analysis. We also excluded nonfasting participants in the RRR analysis, as well as participants with acute inflammation (indicated by CRP concentrations .10 mg/L), and participants with extreme energy intakes that fell outside the recommended cutoffs (,500 and .3500 kcal/d) (30) . Finally, because body fat may confound associations between food intake and biomarkers, we additionally adjusted all biomarker values for BMI before their use as response variables in the RRR in a separate analysis. 
Results
The RRR method applied to all biomarker subcohort participants resulted in 4 scores representing a linear combination of the z-standardized intakes of 41 food groups, with each group multiplied by an individual weight. The first score explained 2.1% of the total variation in biomarkers but was determined mainly by leptin and not by the other biomarkers, and the third and the fourth score explained only a low variation in biomarkers (#0.2%). Therefore, we only considered the second RRR dietary pattern score [dietary pattern score obtained by combining ethnic groups (RRRDS comb )] in the subsequent analyses, which explained 4.8% of the total variation in food groups, 1.0% of the total variation in all 4 biomarkers, 2.8% of adiponectin variation, 0.05% of leptin variation, 0.3% of CRP variation, and 0.7% of TG variation. When applying RRR in each ethnic/racial group separately, the second set of RRR scores [dietary pattern scores derived ethnicity-specifically (RRRDS ethni )] explained 3.0-5.3% of the total variation in foods and 1.2-3.6% of the total variation in all 4 biomarkers across ethnic groups. The RRRDS comb was characterized by low consumption of processed and red meat, white rice, and sugar-sweetened beverages (SSBs) and high consumption of whole grains, fruit, yelloworange and green vegetables, and low-fat dairy ( Table 1) . These food groups showed factor loadings $0.2 combining ethnic groups and were significantly correlated with RRRDS comb across ethnic groups, with r . 0.2, except for white rice in African Americans and Latinos.
The comparison of RRRDS ethni ( Table 2 ) and RRRDS comb (Table 1) showed similarities between the 2 scores. With regard to ethnicity-specific characteristics, the pattern for African Americans was additionally characterized by low poultry and shellfish intakes, the pattern for Japanese Americans by low egg consumption, the pattern for Latinos by high nut and fish consumption, the pattern for Native Hawaiians by low French fries and poultry consumption and high consumption of nuts and coffee, and the pattern for whites by high legume consumption. Individuals in the upper tertile of the RRRDS comb were more likely to be older, female, physically active, a never smoker, with a low BMI and a higher education (with the exception of Japanese Americans) ( Table 3) .
Association of dietary pattern with biomarkers measured 10 y later The RRRDS comb was positively correlated with adiponectin and inversely with leptin, CRP, and TGs after adjustment ( Table 4) ; and $1 of the biomarkers showed significant correlations with the food groups. Multivariable-adjusted adiponectin means significantly increased across RRRDS comb tertiles across most groups, whereas mean TG, CRP, and leptin significantly decreased across most groups (Figure 1) . Except for a lack of association of the RRRDS ethni with leptin in African Americans and with CRP in Native Hawaiians, the RRRDS ethni correlated positively with adiponectin and negatively with leptin, CRP, and TGs in all ethnic/ racial groups (data not shown). White   T1   T2   T3   T1   T2   T3   T1   T2   T3   T1   T2   T3   T1   T2   T3   T1   T2 
CURRENT DEVELOPMENTS IN NUTRITION
Simplification of pattern score and application in the full cohort The simplified (see Methods) RRRDS comb (food variables, n = 10) had a correlation coefficient of 0.82 with the original RRRDS comb (food variables, n = 41) in the biomarker subcohort, and the simplified RRRDS ethni (food variables, n = 8-11) had correlation coefficients ranging from 0.71 to 0.82 with the original RRRDS ethni (food variables, n = 41) across ethnic groups indicating a certain score similarity. The simplified RRR-derived pattern showed moderate correlations with the previously published a priori index scores (7) (r = 0.65, 0.51, 0.42, and 0.67 for HEI-2010, AHEI-2010, aMED, and DASH, respectively) and factor analysis-derived patterns (8) (r = 20.43, 0.44, and 0.49 for the "fat and meat," "vegetables," and "fruit and milk" factors, respectively) in the full cohort.
Dietary pattern and incident T2D in the full cohort
We identified 8687 incident T2D cases between cohort entry and 2010 among 155,316 participants of the full MEC (mean follow-up time = 14.8 y). Comparing extreme tertiles, the RRRDS comb was significantly related to a 16-28% T2D risk reduction in the combined analysis and across ethnic groups ( Table 5) . RRR scores 1, 3 and 4 were not related to T2D risk (data not shown). When comparing extreme tertiles of the RRRDS ethni , there was a significant 16-31% reduction in T2D risk across ethnic groups in the multivariableadjusted model (Table 6) , with apparently stronger associations in Native Hawaiians.
Sensitivity analyses
After additional adjustment of all biomarker values for BMI before their use as response variables in the RRR, diet soft drinks were no longer an important component of the second RRR pattern, whereas the other foods identified as important in the main analysis still showed factor loadings .0.15; and a similar association of the pattern with biomarkers and slightly weaker associations with T2D as in the main analysis was observed. The exclusion of participants with lipid-lowering and anti-inflammatory medication use, nonfasting participants, participants with acute inflammation, and participants with extreme energy intake yielded similar results in the RRR analysis; and all participants who provided blood yielded similar results compared with the main analysis in the Cox regression (data not shown).
Discussion
With the use of the RRR method, we derived a dietary pattern low in processed and red meat, SSBs, diet soft drinks, and white rice and high in whole grains, fruit, yellow-orange and green vegetables, and low-fat dairy. This dietary pattern was longitudinally associated with T2D-related biomarkers of inflammation, dyslipidemia, and adipokines. Comparing extreme tertiles, the pattern was associated with a 16-28% lower T2D incidence in 5 ethnic groups. Ethnicityspecific derived dietary patterns showed similar characteristics with small ethnic differences and yielded a similar magnitude of a 16-31% risk reduction for T2D across ethnic groups comparing extreme tertiles, with an apparently stronger risk reduction in Native Hawaiians.
The simplified RRR-derived pattern showed moderate correlations with the previously published a priori index scores (7) and factor analysis-derived patterns (8) in the full cohort. The RRRderived dietary pattern was significantly inversely associated with T2D risk in 5 ethnic groups, whereas the associations of the a priori indexes HEI-2010, AHEI-2010, aMED, and DASH had larger effect estimates with T2D in whites than in Native Hawaiians and Japanese Americans (7); and factor analysis-derived dietary patterns were not significantly associated with T2D in Native Hawaiians (8) in previous analyses within the Hawaii component of the MEC. These discrepancies in findings may be due to the fact that the RRR method provides an advantage over classic data-driven methods by incorporating previous knowledge of the relation between diet and biomarkers as intermediate measures of disease risk and, therefore, is more likely to identify a diseaserelated dietary pattern (9) . A priori dietary indexes were originally created and tested in individuals of European and AfricanAmerican (for DASH) heritage and therefore food consumption patterns of other ethnic groups are not as well represented in the a priori indexes. In contrast, the RRR method identifies dietary patterns that typically exist in the study population, including foods consumed by different ethnic groups. Whereas some of the important food components of the current RRR-derived pattern were also components of some of the previously (7) investigated a priori indexes (e.g., processed and red meat, whole grains, SSBs, fruit), the food components "white FIGURE 1 Multivariable-adjusted geometric means and 95% CIs of log e -transformed adiponectin (A), leptin (B), CRP (C), and TGs (D) across original RRRDS comb tertiles stratified by ethnic group (n = 10,008). Adjusted for age (continuous), BMI (continuous), total energy intake (continuous; kilojoules per day), sex, education (#12 y, 13-15 y, or $16 y), physical activity (,30 or $30 min/d), smoking status (never smoker, past smoker, or current smoker), and race/ethnicity (for combined analysis). *P-trend , 0.05. CRP, C-reactive protein; RRRDS comb , dietary pattern score obtained by combining ethnic groups; T, tertile.
rice," "green vegetables," "yellow-orange vegetables," and "lowfat dairy" are newly identified foods that had not been part of the a priori indexes, with the exception of "low-fat dairy" in the DASH index. A meta-analysis reported that white rice consumption was consistently directly associated with T2D risk, particularly in Asian populations (31) , which may be due to its contribution to dietary glycemic load (e.g., white rice explained 58.5% of the dietary glycemic load in Japanese women) (32) . Moreover, in comparison with minimally processed whole grains, white rice is poor in nutrients, including insoluble fiber and magnesium, that have been associated with lower T2D risk in the MEC (33) .
Recent meta-analyses of cohort studies also described inverse associations of low-fat dairy (34) and green leafy and yellow vegetables (35) with T2D risk. A high consumption of low-fat dairy products may reduce T2D risk via weight reduction and lower inflammation (36) , consistent with the weak inverse correlation between low-fat dairy products and CRP seen in the current analysis. Green vegetables are rich sources of fiber, polyphenols, vitamin C, and other bioactive compounds that contain antiinflammatory properties (37) , consistent with a weak inverse correlation of green vegetable intake with CRP in the current analysis. Processed meat (38) , red meat (38, 39) , and SSBs (40) were also directly related to T2D risk; and fruit intake (35) was inversely related to T2D risk in meta-analyses. Independent of BMI, red meat correlated inversely with adiponectin and directly with CRP, leptin, and TGs in the current study, whereas previous studies described no association of red meat with adiponectin (41, 42) and TGs (42) and a direct association of red meat with CRP, which was not independent of BMI (41, 42) . With the use of the BMI-adjusted biomarker concentrations as responses in RRR, only diet soft drinks were no longer an important component of the pattern. Confounding or reverse causation might therefore explain the identification of diet soft drinks as a pattern component.
An increasing number of studies have used the RRR approach to identify dietary patterns predictive of T2D by using different intermediate markers as response variables, including inflammatory markers (10-13), HOMA-IR (14, 15) , HbA1c (10, 15) , fasting glucose (15), adiponectin (10, 16) , HDL cholesterol (10, 16) , and TGs (16) . The explained variation in biomarkers in these studies ranged from 3.9% to 8% (10) (11) (12) (13) (14) (15) (16) , which is slightly higher than in our findings (1.2-3.6% across ethnic groups). This may be due to the assessment of biomarkers in the follow-up examination after ;10 y in the current analysis, whereas previous studies mainly used cross-sectional assessments of diet and biomarkers.
Because previous analyses (10, 16, 43) suggested that a single RRR dietary pattern is unlikely to explain several different and independent pathways, the dietary pattern in the present analysis seems to mainly explain variations in adiponectin and TGs and, to a lesser extent, in CRP and scarcely in leptin. We detected some similarities in important food groups in the present analysis compared with the patterns identified in largely white study populations that used biomarkers of similar pathways (10-13) (e.g., processed and red meat, SSBs, diet soft drinks, and fruit). Unique to the present pattern, "white rice" was also an important pattern score component in whites, Native Hawaiians, and Japanese Americans. This may be due to the Hawaiian part of the MEC population who reported a higher intake of white rice, with mean values of 56, 242, and 275 g/d in whites, Native Hawaiians, and Japanese Americans compared with 37 and 37 g/d in African Americans and Latinos, respectively, in the MEC. Only 1-2% of participants in the Nurses' Health Study reported consumption of $107 g white rice/d (44) .
The pattern derived in the combined population compared with the patterns derived in specific ethnic/racial groups showed differences in strength of associations with the biomarkers, with the least significant associations observed in whites and African Americans. This may be due to the smaller sample size of whites in the biomarker subcohort and ethnic differences in the biomarker profile (5) . In all groups, the ethnicity-specific derived patterns were characterized by a high contribution of processed meat, red meat, SSBs, and fruit; and the relation of the patterns with T2D risk was mainly similar to that of the combined pattern. These findings indicate a common ground of protective and harmful foods across ethnic groups. Ethnic differences were observed with regard to the importance of specific food groups: for example, white rice was an important contributor in whites, Native Hawaiians, and Japanese Americans. These ethnic groups primarily reside in Hawaii where food intake often combines elements of Eastern and Western diets. Further examples of ethnic differences include a high contribution of legumes to the pattern associated with whites, poultry with African Americans and Native Hawaiians, eggs with Japanese Americans, and nuts and fish with Latinos. This may be due to the consumption of different foods within food groups across ethnic groups.
As a major advantage in the present study, information on dietary intake from cohort entry, assessed biomarker information ;10 y later, and long-term follow-up for T2D risk with a validated diagnosis (i.e., self-report confirmed by administrative data) was available. The use of a QFFQ designed for the relevant ethnic populations allowed us to study a heterogeneous population with wide variations in dietary habits, which may contribute to the differences of strength of association in the dietary pattern-T2D association that the authors found. Multiple data sources for T2D status were available, making it possible to create a robust definition of diagnosis that provides high specificity and avoids misclassification.
RRR shares a number of limitations with the data-driven approaches, including that the identified food intake patterns are specific to the population under study. This can partially be addressed by validation efforts in differing populations, such as were performed in 2 previous studies (45, 46) and across ethnic groups in the present study. The consistency of the results across 5 different ethnic populations in the current analysis adds considerably to the validity of the findings. In this analysis, we reduced the data dependency of the pattern variables by constructing simplified dietary patterns, and we applied a split-sample approach to address this issue, although generalizability to other populations remains a concern. Although the validation of the QFFQ with 24-h recalls indicated acceptable results (20) , the 1-time dietary assessment by self-reported QFFQ was a limitation.
In conclusion, the results of the current analysis in a prospective cohort with 5 ethnic groups suggest that a diet high in fruit, low-fat dairy, green and yellow-orange vegetables, and whole grains and low in processed and red meat, white rice, SSBs, and diet soft drinks may lower the risk of developing T2D, possibly by influencing adipokine concentrations, inflammation, and dyslipidemia. The findings of the current analysis highlight the importance of studying relations between nutrition, T2D-related biomarkers, and T2D risk across ethnic groups with different food-consumption habits and varying T2D rates. These findings need to be validated in other nonwhite cohorts before translating the results into specific recommendations, including ethnicity-specific food recommendations for high-risk groups.
